Aspergillus fumigatus is an opportunistic fungal pathogen that invades pulmonary epithelial cells and vascular endothelial cells by inducing its own endocytosis, but the mechanism by which this process occurs is poorly understood. Here, we show that the thaumatin-like protein CalA is expressed on the surface of the A. fumigatus cell wall, where it mediates invasion of epithelial and endothelial cells. CalA induces endocytosis in part by interacting with integrin α 5 β 1 on host cells. In corticosteroid-treated mice, a ΔcalA deletion mutant has significantly attenuated virulence relative to the wild-type strain, as manifested by prolonged survival, reduced pulmonary fungal burden and decreased pulmonary invasion. Pretreatment with an anti-CalA antibody improves survival of mice with invasive pulmonary aspergillosis, demonstrating the potential of CalA as an immunotherapeutic target. Thus, A. fumigatus CalA is an invasin that interacts with integrin α 5 β 1 on host cells, induces endocytosis and enhances virulence.
T he opportunistic fungal pathogen Aspergillus fumigatus causes invasive pneumonia and haematogenously disseminated infections in immunocompromised patients 1, 2 . Invasive aspergillosis is initiated by inhalation of conidia, which are deposited in the alveoli. In the absence of an effective host immune response, these inhaled conidia germinate to form filamentous hyphae that invade the alveolar epithelial cells and then the blood vessels. Angioinvasion results in thrombosis and tissue infarction, a characteristic feature of invasive aspergillosis 3 . A. fumigatus invades both pulmonary epithelial and vascular endothelial cells by the process of induced endocytosis [4] [5] [6] [7] [8] [9] . This process is probably initiated by the binding of a fungal invasin to a host cell receptor, which then stimulates the host cell to form pseudopods that engulf the organism and pull it into the cell 10 . However, before the current work, the identities of the fungal invasin(s) and cognate host cell receptor(s) that induce host cell endocytosis were unknown.
A. fumigatus CalA is predicted by bioinformatic analysis to be an adhesin protein. Also, recombinant CalA produced in Escherichia coli binds to mouse splenocytes and to human laminin and pulmonary epithelial cells 11 , suggesting that CalA may have adhesive properties. We set out to determine the function of A. fumigatus CalA in host cell adherence and invasion, identify its host cell target and investigate its role in virulence.
CalA is dispensable for adherence
For CalA to function as an adhesin, it must be expressed on the cell surface. To analyse the surface expression of CalA, we constructed a strain of A. fumigatus that expressed a CalA-RFP fusion protein.
Using confocal microscopy, we determined that CalA was strongly expressed on the surface of germlings that were in contact with either a A549 pulmonary epithelial cell line or primary vascular endothelial cells (Fig. 1a) . The surface expression of CalA was confirmed by staining with an anti-CalA antibody ( Supplementary Fig. 1 ). CalA was also expressed on the surface of swollen conidia ( Supplementary Fig. 2) .
To investigate the function of A. fumigatus CalA, we constructed a mutant in which the calA protein coding region was deleted and then tested the adherence of this strain. The adherence of the ΔcalA mutant to both A549 epithelial cells and immobilized laminin was similar to the wild-type strain ( Supplementary Fig. 3a-d ). In addition, the ΔcalA mutant had wild-type adherence to fluid-phase laminin ( Supplementary Fig. 3e ). Both the ΔcalA mutant and wild-type strain produced similar levels of galactosaminogalactan ( Supplementary  Fig. 4 ), a cell wall carbohydrate that mediates adherence of A. fumigatus to host constituents and masks surface exposed β1,3-glucans 12 .
Therefore, under the conditions tested, CalA is dispensable for A. fumigatus adherence to both epithelial cells and laminin.
CalA functions as an invasin
Next, we considered the possibility that although CalA is dispensable for adherence, it may function as an invasin that induces host cell endocytosis of A. fumigatus. Using our standard differential fluorescent assay in serum-free medium 6, 13 , we determined that 47% fewer germlings of the ΔcalA mutant were endocytosed by A549 pulmonary epithelial cells as compared to the wild-type strain (Fig. 1b) . In addition, 70% fewer ΔcalA mutant cells were endocytosed by endothelial cells (Fig. 1c) . Importantly, the ΔcalA+calA complemented strain was endocytosed by both cell types, similarly to wild-type A. fumigatus, demonstrating that the invasion defect of the ΔcalA mutant was due to the absence of CalA. Collectively, these results indicate that CalA is required for maximal host cell invasion by A. fumigatus.
To determine if CalA can directly mediate host cell invasion, we heterologously expressed a CalA-RFP fusion protein in Saccharomyces cerevisiae, which does not normally adhere to or invade epithelial or endothelial cells 14 . Imaging by confocal microscopy verified that CalA-RFP was expressed on the cell surface of S. cerevisiae (Fig. 1d ). This strain did not adhere to either epithelial or endothelial cells, consistent with our finding that CalA does not function as an adhesin. Because an organism must adhere to a host cell before it can induce its own endocytosis, the strain expressing only CalA was not endocytosed. To determine if CalA could induce endocytosis after adherence had occurred, we expressed CalA in an S. cerevisiae strain that also expressed Candida albicans Als1, a protein that mediates adherence to endothelial cells but induces minimal endocytosis 14, 15 . Expression of CalA in the Als1-expressing strain of S. cerevisiae resulted in a twofold increase in the number of yeast cells that were endocytosed by endothelial cells as compared to the control strain that expressed Als1 alone (Fig. 1e) . Of note, the capacity of the CalA-Als1 expressing strain to be endocytosed by A549 pulmonary epithelial cells could not be tested because strains of S. cerevisiae that expressed Als1 did not adhere to these cells. Overall, these data indicate that CalA functions as an invasin in adherent fungal cells.
As well as invading host cells by induced endocytosis, some fungi can invade host cells by active penetration, a process in which elongating hyphae physically push their way into host cells 10 . To determine the relative roles of induced endocytosis and active penetration in A. fumigatus invasion, we treated A549 epithelial cells and endothelial cells with cytochalasin D, which depolymerizes microfilaments and blocks induced endocytosis. We found that cytochalasin D reduced A. fumigatus invasion of these host cells by ∼75% (Fig. 1f,g ), indicating that the fungus invades epithelial and endothelial cells mainly by the process of induced endocytosis.
Germination and stress response of ΔcalA mutant
In A. nidulans, AnCalA is required for normal conidial germination 16 . We thus asked whether deletion of calA affected the germination of A. fumigatus and discovered that the germination of this mutant was dependent on the growth conditions. When the organisms were germinated in Sabauroud broth on polystyrene Petri dishes, the ΔcalA mutant germinated similarly to the wild-type strain. In contrast, the ΔcalA mutant had delayed germination when grown in tissue culture medium in contact with A549 epithelial cells (Fig. 2a) . This germination delay was most apparent after 6 h and largely resolved by 12 h.
Next, we used scanning electron microscopy to examine the morphology of the hyphae of the ΔcalA mutant. We observed that when the wild-type and ΔcalA+calA complemented strains were grown on pulmonary epithelial cells, they produced straight hyphae, whereas the ΔcalA mutant consistently produced hyphae with curved distal ends (Fig. 2b) . Interestingly, this morphological change was also observed when ΔcalA hyphae were grown in contact with glass coverslips that had been coated with positively charged poly-D-lysine, but not when the organisms were grown on negatively charged glass coverslips ( Supplementary Fig. 5 ). Thus, CalA influences hyphal morphology under some conditions. Finally, we investigated whether deletion of calA influenced virulence-related phenotypes. We found that the radial growth and conidiation of the ΔcalA mutant were similar to the wild-type strain. Also, deletion of calA did not affect susceptibility to a variety of stressors, including Congo red, calcofluor white, caspofungin, SDS, H 2 O 2 and protamine ( Supplementary Fig. 6 ). Furthermore, the ΔcalA mutant was killed similarly to the wild-type strain by macrophage-like and neutrophil-like HL-60 cells ( Supplementary Fig. 7 ). Therefore, deletion of calA does not have a detectable effect on growth rate, stress response or susceptibility to phagocyte killing.
Integrin β 1 is a host cell receptor for CalA Next, we sought to identify the host cell receptor for CalA using a whole-cell affinity purification approach in which biotinylated cell membrane proteins from A549 epithelial cells were incubated with intact hyphae 13, 17 . The wild-type strain and ΔcalA+calA complemented strain bound to proteins with molecular masses of ∼160, 130 and 100 kDa (Fig. 3a) . Although the ΔcalA mutant bound to the 160 and 100 kDa proteins similarly to the wild-type and ΔcalA+calA complemented strains, it bound less strongly to the 130 kDa protein. Therefore, this band was selected for protein sequencing, which revealed the presence of integrin β 1 .
Immunoblotting with an anti-integrin β1 antibody confirmed that membrane extracts from both pulmonary epithelial cells and vascular endothelial cells contained integrin β 1 and that this protein was strongly bound by wild-type A. fumigatus (Fig. 3b) . Integrin β 1 appeared to be bound less avidly by germlings of the ΔcalA mutant (Fig. 3b) . By densitometric analysis of replicate immunoblots, the ΔcalA mutant bound 64 and 86% less integrin β 1 in epithelial cells and endothelial cells, respectively, than the wild-type strain (Fig. 3c) . Thus, A. fumigatus interacts, either directly or indirectly, with integrin β 1 .
To determine the functional significance of the interaction between A. fumigatus and integrin β 1 , we tested the effects of an anti-β 1 integrin monoclonal antibody on host cell endocytosis. This antibody inhibited the endocytosis of A. fumigatus by the A549 pulmonary epithelial cell line, primary vascular endothelial cells and primary human pulmonary alveolar epithelial cells by ∼50% (Fig. 3d-f) . A similar reduction in A. fumigatus endocytosis was observed when integrin β 1 in A549 epithelial cells and endothelial cells was knocked down by small interfering RNA (siRNA; Fig. 3g-i) . These results indicate that integrin β 1 is necessary for the maximal endocytosis of A. fumigatus by both pulmonary epithelial cells and vascular endothelial cells.
To confirm the role of integrin β 1 in mediating the endocytosis of A. fumigatus, we used the GD25 fibroblast cell line, which was generated from an integrin β 1 −/− mouse, and the β1AGD25 cell line, which was made by transfecting GD25 cells with mouse integrin β 1 cDNA 18 . Integrin β 1 -deficient GD25 cells poorly endocytosed wild-type A. fumigatus, the ΔcalA mutant and the ΔcalA+ calA complemented strains (Fig. 3j) . By contrast, the integrin β 1 -expressing β1AGD25 cells endocytosed significantly more cells of the wild-type and ΔcalA + calA complemented strains, but far fewer cells of the ΔcalA mutant. Similarly, GD25 cells endocytosed very few S. cerevisiae cells that expressed Als1 with or without CalA, whereas β1AGD25 cells avidly endocytosed S. cerevisiae cells that expressed both Als1 and CalA (Fig. 3k) . Collectively, these results indicate that CalA interacts with integrin β 1 and induces host cell endocytosis.
Integrin α 5 β 1 mediates host cell endocytosis of A. fumigatus
Because integrins function as heterodimers 19 , we sought to identify which integrin α subunit combined with integrin β 1 to mediate the endocytosis of A. fumigatus. By testing antibodies against different α integrins for their capacity to block endocytosis, we found that an antibody directed against integrin α 5 significantly inhibited the endocytosis of A. fumigatus by A549 epithelial cells, primary vascular endothelial cells and primary human pulmonary alveolar epithelial cells ( Fig. 3d-f ). To confirm these results, we determined that siRNA knockdown of integrin α 5 also inhibited the endocytosis of A. fumigatus by both A549 epithelial cells and vascular endothelial cells (Fig. 3g-i ). These findings were specific to integrin α 5 , because siRNA knockdown of integrin α 3 had no effect on the endocytosis of A. fumigatus by either cell type ( Supplementary Fig. 8 ). In addition, siRNA knockdown of both integrin α 5 and β 1 did not inhibit endocytosis more than knockdown of integrin α 5 alone ( Supplementary Fig. 9 ). We also found that A. fumigatus hyphae Results are the mean ± s.d. of three experiments, each performed in triplicate. *P < 0.001 versus control IgG (two-tailed Student's t-test assuming unequal variances). HPF, high-powered field. g-h, Effects of siRNA knockdown of integrin β 1 and α 5 on the endocytosis of wild-type A. fumigatus by A549 pulmonary epithelial cells (g) and primary vascular endothelial cells (h). Results are the mean ± s.d. of three experiments, each performed in triplicate. *P < 0.005 versus control siRNA (two-tailed Student's t-test assuming unequal variances). i, Immunoblots of whole cell lysates showing siRNA knockdown of integrin β 1 and α 5 . Results are representative of three independent experiments. j,k, Endocytosis of the indicated strains of A. fumigatus (j) and S. cerevisiae expressing ALS1 alone (ALS1) or ALS1 and calA (ALS1+calA) (k) by the GD25 (integrin β 1 deficient) and β1AGD25 (integrin β 1 restored) cell lines. Results are the mean ± s.d. of three experiments, each performed in triplicate. *P < 0.005 versus the same strain on GD25 cells, **P < 0.01 versus A. fumigatus Af293 or Als1-expressing S. cerevisiae on the same host cell line (two-tailed Student's t-test assuming unequal variances).
bound to integrin α 5 in membrane extracts from A549 epithelial cells and vascular endothelial cells, and that maximal binding appeared to require the presence of CalA (Fig. 4a,b) . Moreover, confocal imaging demonstrated that A. fumigatus germlings were surrounded by both integrin α 5 and β 1 during endocytosis by host cells (Fig. 4c) . These combined data indicate that integrin α 5 β 1 mediates host cell endocytosis of A. fumigatus.
Next, we verified that integrin α 5 β 1 was bound by other clinical isolates of A. fumigatus and mediated their endocytosis. Germlings of two additional clinical isolates were found to bind to integrin α 5 β 1 in membrane extracts from A549 epithelial cells ( Supplementary Fig. 10a) . Moreover, the anti-integrin β 1 antibody significantly inhibited the endocytosis of these strains ( Supplementary Fig. 10b ). Therefore, the capacity of A. fumigatus to interact with integrin α 5 β 1 and induce endocytosis appears to be a common feature of this fungus. Some bacteria, such as Staphylococcus aureus, Streptococcus pyogenes and Mycobacterium avium [20] [21] [22] , invade host cells by binding to fibronectin, which acts as a bridging molecule between the organism and integrin α 5 β 1 . To investigate whether CalA interacts directly or indirectly with integrin α 5 β 1 , we tested the effects of an RGD peptide that inhibits fibronectin-mediated endocytosis of M. avium 20 . This peptide did not reduce the endocytosis of A. fumigatus, in contrast to a peptide that blocked the fibronectin synergy site of integrin α 5 β 1 (refs 23,24) (Fig. 4d,e) . Furthermore, to demonstrate a direct interaction between CalA and integrin α 5 β 1 , we incubated S. cerevisiae expressing CalA and/or Als1 with recombinant integrin α 5 β 1 . Using indirect immunofluorescence, we observed that the integrin bound avidly to the cells expressing CalA, but not to the cells that did not (Fig. 4f ) . Collectively, these results indicate that CalA mediates endocytosis by directly binding to a region of integrin α 5 β 1 that is distinct from the RGD binding site.
CalA is required for maximal virulence
The finding that CalA mediates host cell invasion in vitro suggested that CalA contributes to A. fumigatus virulence. To test this hypothesis, we assessed the virulence of the ΔcalA mutant in an immunosuppressed mouse model of invasive pulmonary aspergillosis. We found that mice infected with the ΔcalA mutant had significantly longer survival than mice infected with either the wild-type or ΔcalA+calA complemented strains (Fig. 5a) . Furthermore, after five days of infection, the pulmonary fungal burden of mice infected with the ΔcalA mutant was significantly lower, as determined by quantitative real-time PCR (Fig. 5b) . These results indicate that CalA is required for maximal virulence during invasive pulmonary aspergillosis.
In some, but not all A. fumigatus mutants, delayed germination has been associated attenuated virulence 25, 26 . We thus investigated the capacity of the ΔcalA mutant to germinate in vivo by quantitative image analysis of thin sections of the infected lungs. We found that all three strains germinated similarly in the lungs of infected mice (Fig. 5c,d ), indicating that CalA is dispensable for germination in vivo. Of note, the percentage of organisms that had germinated after 12 h of infection in mice was similar to the percentage of organisms that had germinated after only 6 h in vitro (Figs 5c,d and 2a) . Thus, A. fumigatus germinates significantly more slowly in vivo than in vitro.
To verify that the ΔcalA mutant was defective in tissue invasion in vivo, we imaged the thin sections of the lungs and quantitatively analysed the foci of infection for the presence and location of invasive fungal cells. Significantly fewer cells of the ΔcalA mutant were found to have invaded into the lung tissue as compared to the wildtype and ΔcalA+calA complemented strains (Fig. 5c,e) . Moreover, the limited number of cells of the ΔcalA mutant that had invaded were located mainly in the bronchi rather than the alveoli (Fig. 5c,f,g ). By contrast, the majority of the invasive cells of the wild-type and ΔcalA+calA complemented strain were located in the alveoli and relatively few were located in the bronchi. Taken together, the in vitro and in vivo data strongly suggest that the virulence defect of ΔcalA mutant was due to impaired host cell invasion. Next, we investigated the possibility that CalA influenced the host inflammatory response to A. fumigatus. Thin sections of the lungs of mice infected with the wild-type and ΔcalA+calA complemented strain had multiple foci of infection, as determined by histopathology. In these foci, the hyphal elements were surrounded by numerous neutrophils (Supplementary Fig. 11 ). Although the lungs of mice infected with the ΔcalA mutant contained much fewer fungal lesions, the neutrophilic infiltrate around these lesions was similar to that observed in mice infected with the wild-type strain. To further study the inflammatory response induced by the ΔcalA mutant, we analysed the production of proinflammatory cytokines by endothelial cells that had been infected with the various A. fumigatus strains for 16 h. We found that endothelial cells infected with the ΔcalA mutant secreted similar levels of IL-1α, IL-1β, TNF-α, IL-8 and MCP-1, as did cells infected with the wild-type strain (Supplementary Fig. 12 ). These results suggest that CalA does not influence the host inflammatory response to A. fumigatus, except by decreasing the lung fungal burden due to reduced invasion of the lung parenchyma.
An anti-CalA antibody prolongs survival
Because CalA is a cell surface protein that is required for pathogenicity, it is a potential target for passive immunotherapy against invasive aspergillosis. To test this hypothesis, a polyclonal rabbit antibody was raised against a peptide that encompassed a predicted cell surface domain of CalA. First, we confirmed that the anti-CalA antibody blocked the endocytosis of wild-type A. fumigatus by both A549 epithelial cells and vascular endothelial cells (Fig. 6a,b) . This antibody had no effect on the endocytosis of the ΔcalA mutant and it did not inhibit A. fumigatus germination. Next, we monitored the survival of mice that had been given either a single dose of control rabbit immunoglobulin G (IgG) or the anti-CalA antibody before infection with A. fumigatus. We found that mice treated with the anti-CalA antibody had significantly increased survival compared to the mice that received control IgG (Fig. 6c) . These data indicate that inhibition of CalA reduces A. fumigatus virulence and suggest that CalA is a potential immunotherapeutic target for preventing invasive aspergillosis.
Discussion
A. fumigatus CalA is predicted to be a member of the thaumatin-like protein superfamily 27 . This diverse group of proteins is present in some Ascomycete and Basidiomycete fungi, as well as in plants, nematodes and insects 27, 28 . Some thaumatin-like proteins have a sweet taste because they bind to G protein-coupled receptors in the taste buds 29 . The data presented herein indicate that A. fumigatus CalA functions as an invasin by binding to a different host receptor, integrin α 5 β 1 , thereby inducing host cell endocytosis of adherent organisms. Although our data strongly indicate that the interaction of CalA with integrin α 5 β 1 mediates the endocytosis of A. fumigatus, there must be additional A. fumigatus invasins because deletion of calA did not completely block host cell invasion. Moreover, the finding that the ΔcalA mutant invaded the integrin β 1 -deficient GD25 cell line less efficiently than the wild-type strain suggests that CalA binds to an additional host cell receptor(s). The presence of multiple invasins and receptors in a single organism is not unexpected. For example, the fungus C. albicans has at least two invasins that interact with multiple host cell receptors 13, 30, 31 . The ΔcalA mutant had significantly attenuated virulence in corticosteroid-treated mice, as demonstrated by improved survival, reduced lung fungal burden and decreased lung tissue invasion in animals infected with this mutant. These results indicate that CalA mediates pulmonary invasion and that invasion of host cells plays a key role in the pathogenesis of invasive pulmonary aspergillosis. CalA may play an especially prominent role in pathogenicity during infection in the presence of corticosteroids, which enhance the expression of integrin α 5 by some host cells 32 . Proteins such as CalA that are expressed on the fungal cell surface are promising therapeutic targets because of their accessibility. For example, a vaccine composed of the recombinant N-terminal portion of the C. albicans Als3 invasin is currently in clinical trials 33 . Here, we found that a single dose of the anti-CalA antibody provided partial protection against invasive aspergillosis. These results support the ongoing investigation of CalA as a potential target for passive immunotherapy against invasive pulmonary aspergillosis.
Methods
Strains, media and growth conditions. All A. fumigatus strains (listed in Supplementary Table 1) were grown on Sabauroud dextrose agar at 37°C for 7 days. Conidia were collected by rinsing the colonies with PBS containing 0.1% Tween 80, collected by centrifugation and enumerated with a haemacytometer. Swollen conidia were prepared by incubating resting conidia in F-12 K medium at 37°C for 4 h. Germlings were prepared by incubating conidia in Petri dishes containing Sabauroud dextrose broth at 37°C for 4 h and then at 4°C overnight. The next day, the dishes were incubated at 37°C for 1.5 h, after which the germlings were rinsed, scraped from the plate and counted. Under these conditions, the ΔcalA mutant germinated similarly to the wild-type strain.
Strain construction. All A. fumigatus mutants were constructed using strain Af293. A split marker strategy was used to disrupt the 534 bp calA (Afu3g09690) protein coding sequence 34 . Two DNA fragments, one encompassing 1,502 bp upstream of calA and one encompassing 1,529 bp downstream of calA, were amplified from genomic DNA of A. fumigatus strain Af293 by high-fidelity PCR using primers CalA-P1, CalA-P2 and CalA-P3, CalA-P4 (Supplementary Table 2 ). Each fragment was cloned into the entry vector pENTR/D-TOPO (Invitrogen). Subsequently, LR clonase reactions were performed according to the manufacturer's instructions to introduce the upstream and downstream flanking fragments into the pHY-Pr-att and pYG-Tr-att vectors to yield pCalA-HY and pCalA-YG, respectively 35 . Next, a DNA fragment containing the upstream calA flanking region and the 5′ portion of the hygromycin resistance cassette was amplified by high-fidelity PCR from pCalA-HY using primers CalA-P1 and HY. Similarly, a DNA fragment containing the downstream calA flanking region and the 3′ portion of the hygromycin resistance cassette was amplified from pCalA-YG using primers CalA-P4 and YG. A. fumigatus was transformed with both fragments by protoplasting. Hygromycin-resistant clones were screened for disruption of calA by colony PCR using primers CalA-RT-F and CalA-RT-R.
To complement the ΔcalA mutant, the intact calA open reading frame, including 2,004 bp of upstream sequence and 613 bp of downstream sequence, was amplified from genomic DNA by high-fidelity PCR using primers CalA-Com-F and CalACom-R. After NotI digestion, the resulting fragment was cloned into plasmid p402, which contains the phleomycin resistance gene 36 . The resulting plasmid was transformed into the ΔcalA mutant. Hygromycin-and phleomycin-resistant clones were selected and the integration of intact wild-type allele calA was detected by whole-cell PCR using primers CalA-Com-F and CalA-Com-R.
To construct a mutant of A. fumigatus that expressed CalA with red fluorescent protein (RFP) linked to its C-terminus, a 2,534 bp DNA fragment containing 2,003 bp of the calA promoter region and the 531 bp open reading frame was amplified with primers CalA-RFP-F and CalA-RFP-R. Next, the fragment was cloned into the RFP-Phleo plasmid at the SacI-EcoRV sites 37 . The resulting plasmid, pcalA-RFP, was subsequently transformed into Af293 and the integration of the plasmid was confirmed by whole-cell PCR using primers CalA-RFP-F and CalA-RFP-R.
To generate a strain of S. cerevisiae that expressed calA-RFP, the calA-RFP fusion DNA fragment was amplified from plasmid pcalA-RFP by high-fidelity PCR with primers sCalA-RFP-F and sCalA-RFP-R (Supplementary Table 2 ). This fragment was cloned into pESC-LEU (Agilent Technologies) at the SpeI-SacI sites. The resulting plasmid and the backbone pESC-LEU vector were used to transform S. cerevisiae S150-2B to obtain the CalA-S and pESC-S strains. Next, these two strains were transformed with plasmid pYF-5, which contained the C. albicans ALS1 adhesin gene 14 . Control strains of S. cerevisiae were transformed with the backbone pESC-LEU vector alone. All S. cerevisiae strains were cultured in synthetic complete (SC) medium at 30°C. Expression of calA-RFP was induced by growth in SC medium containing 2% galactose and 1% raffinose overnight.
To construct green fluorescent protein (GFP)-expressing strains of A. fumigatus for the invasion assays, the wild-type strains and the ΔcalA mutant were transformed with a GFP expression plasmid that contained the ble phleomycin resistance marker (GFP-Phleo) 37, 38 . The ΔcalA+calA complemented strain was transformed with a GFP expression plasmid with the pyrithiamine resistance marker (GFP-pPTRI), which was constructed by insertion of the eGFP gene into the PstI/SmaI site of pPTRI (Takara Bio).
Cell culture. The A549 type II pneumocyte cell line (American Type Culture Collection, ATCC) was grown as described previously 39 . Endothelial cells were isolated from human umbilical cord veins and grown as described in ref. 6 . The GD25 and β1AGD25 cell lines were obtained from D.F. Mosher of the University of Wisconsin-Madison 18 . Primary human pulmonary alveolar epithelial cells (HPAEpiC) were purchased and cultured as recommended by the supplier (ScienceCell Research Laboratories). All cells and cell lines were free of mycoplasma contamination. The A549 cell line was authenticated by the ATCC and the GD25 and β1AGD25 cell lines were authenticated by immunoblotting to detect the absence and presence of integrin β 1 , respectively.
Production of the anti-CalA antibody. The anti-CalA polyclonal antibody was produced commercially (ProMab Biotechnologies) by immunizing rabbits with the CalA-derived peptide DQSDVLQFEYTQSGDTIC and then isolating CalA-specific IgG.
Detection of surface-expressed CalA using the Anti-CalA antibody. Germlings of the various A. fumigatus strains were incubated with the anti-CalA antibody (20 µg ml -1 ), rinsed with PBS, fixed in 4% paraformaldehyde and then incubated with AlexaFluor 568-labelled goat anti-rabbit IgG (Thermo Fischer Scientific). The organisms were imaged by confocal microscopy. In a separate experiment, the binding of the anti-CalA antibody to the different A. fumigatus strains was analysed by flow cytometry as described previously 40 .
Adherence assay. The capacity of the fungal strains to adhere to A549 cells and solid-phase laminin was determined by colony counting as previously described 41 . To determine adherence to fluid-phase laminin, 1 mg laminin (Sigma-Aldrich) was dialysed overnight at 4°C under constant shaking and then labelled with Alexa Fluor 488 (Invitrogen) following the manufacturer's protocol. The protein content of the labelled protein was measured using the Bio-Rad protein assay. Swollen conidia (10 7 ) were incubated with 50 µg ml -1 Alexa Fluor 488-laminin or PBS at 37°C for 1 h in a shaking incubator. Afterwards, the organisms were washed three times with PBS and fixed with 3% paraformaldehyde in PBS. The fluorescent intensity of the organisms was quantified by flow cytometry, collecting fluorescence data for 10,000 cells of each strain.
Galactosaminogalactan quantification. To quantify galactosaminogalactan production by the various strains, culture filtrate from 72 h culture was ethanol precipitated and processed as previously described 12, 42 .
Invasion assay. The endocytosis of A. fumigatus by host cells was determined using a minor modification of our standard differential fluorescence assay 13 . Briefly, host cells were cultured on fibronectin-coated coverslips and infected with 10 5 germlings of the various GFP-expressing A. fumigatus strains. After incubation for 2.5 h, the cells were rinsed with Hank's balanced salt solution and fixed with 3% paraformaldehyde. The non-internalized organisms were stained with a rabbit anti-A. fumigatus antibody (Meridian Life Science) followed by an AlexaFluor 568-labelled secondary antibody (Life Technologies) 6 . The coverslips were mounted inverted and observed under epifluorescence. The number of endocytosed organisms was determined by subtracting the number of non-internalized organism from the total number of organisms, counting at least 100 organisms per coverslip. The uptake of S. cerevisiae strains by endothelial cells was also determined by a differential fluorescence assay as previously described 13 .
Susceptibility to stressors. Serial tenfold dilutions of conidia of the different A. fumigatus strains ranging from 10 5 to 10 2 cells in 5 µl PBS were spotted onto Sabauroud agar plates containing 300 µg ml -1 Congo red (Sigma-Aldrich), 300 µg ml
calcofluor white (Sigma-Aldrich), 40 µg ml -1 caspofungin (Merck), 0.01% SDS (Life Technologies) or 2 mg ml -1 protamine (Sigma-Aldrich). Fungal growth was analysed after incubation at 37°C for 2 days.
Phagocyte killing of A. fumigatus. HL-60 cells (ATCC) were differentiated into macrophage-like and neutrophil-like cells as previously described 43, 44 . The susceptibility of swollen conidia of the various strains to killing both cell types was measured at a target to effector cell ratio of 1:50 and an incubation time of 2.5 h by our previously described method 43 .
Germination assay. Conidia from GFP-labelled strains in F-12 K medium were added to confluent A549 cells and incubated at 37°C in 5% CO 2 . At various time points, the medium was aspirated and the cells were fixed in 3% paraformaldehyde in PBS. The wells were examined by epifluorescence microscopy and the number of organisms producing a germ tube at least one conidial diameter in length was determined. At least 100 organisms were counted on each coverslip.
Scanning electron microscopy. For electronic microscopy, 5 × 10 5 conidia per ml of Af293, ΔcalA and the ΔcalA+calA complemented strains were pre-germinated in RPMI 1640 medium at 37°C for 18 h. Next, the hyphae were collected and incubated for 6 h on A549 cells on glass coverslips and then rinsed in PBS and fixed overnight with 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer at 4°C. Subsequently, the samples were dehydrated and critical-point dried. Finally, the coverslips were sputter-coated with Au-Pd and imaged with a Hitachi S-3000 N scanning electron microscope.
Isolation and identification of host cell proteins that bound to A. fumigatus. Host cell membrane proteins that bound to A. fumigatus were isolated and affinitypurified as outlined previously 45 . Briefly, cell surface proteins were labelled with Ez-Link Sulfo-NHS-LS Biotin (Pierce), extracted with octyl-glucopyranoside and incubated with A. fumigatus germlings. Host cell proteins that bound to the fungus were eluted with 6 M urea, separated by SDS-PAGE and detected by immunoblotting with an anti-biotin antibody. The prominent bands were excised and the proteins within them were identified by NanoLC-MS/MS (UCLA Molecular Instrumentation Center). The binding of integrin α 5 β 1 to A. fumigatus strains was analysed by probing immunoblots of the eluted host cell membrane proteins with antibodies against integrin α 5 (ab150361; Abcam) and β 1 (ab52971; Abcam).
Confocal microscopy. The accumulation of integrin α 5 β 1 around A. fumigatus was visualized as previously described 13 . Briefly, epithelial or endothelial cells were infected with 10 5 A. fumigatus germlings. After 2.5 h, the cells were fixed in 4% paraformaldehyde, blocked with 5% goat serum and sequentially incubated with antibodies against integrin β 1 or integrin α 5 (CBL497, EMD Millipore), followed by the appropriate secondary antibodies labelled with either Alexa Fluor 568 or Alexa Fluor 488 (Thermo Fisher Scientific). The host cells were imaged by confocal microscopy and the fungi were visualized by differential interference contrast (DIC) imaging.
To detect the binding of recombinant integrin α 5 β 1 to S. cerevisiae expressing Als1 and CalA, the cells were allowed to adhere to glass coverslips and then incubated with 10 µg ml -1 recombinant integrin α 5 β 1 (R&D systems) in PBS for 1 h. The cells were then washed and incubated with anti-integrin α 5 antibody (CBL497, EMD Millipore). They were fixed in 4% paraformaldehyde, followed by incubation with an Alexa Fluor 488-labelled goat anti-mouse IgG antibody. The coverslips were mounted inverted on a microscope slide and imaged by confocal microscopy. 23 . Both peptides were used at a concentration of 50 µM. They were added to the cells 45 min before infection and remained in the medium for the duration of the experiment.
Mouse model of invasive aspergillosis. The virulence of the A. fumigatus strains was assessed in our standard mouse model of invasive aspergillosis as described previously 43, 47 . Briefly, six-week-old male BALB/c mice (Taconic Laboratories) were immunosuppressed with cortisone acetate, and 11 mice were then randomized for infection by each strain. The mice were infected by placing them in a chamber into which 1.2 × 10 10 conidia were aerosolized. Control mice were immunosuppressed, but were not infected. Shortly after infection, three mice from each group were randomly selected, killed and their lungs were harvested, homogenized and quantitatively cultured to verify conidia delivery to the lung, which was determined to be approximately 4,000 conidia per mouse for each strain. The remaining mice were monitored for survival by an unblinded observer. The survival experiments were repeated twice and the results were combined for a total of 16 mice per strain, providing 80% power to detect a 1−d difference in median survival by the log-rank test. All animals were included in the analysis. To determine the pulmonary fungal burden, immunosuppressed mice were infected with A. fumigatus as above (n = 8 mice per strain, providing 80% power to detect a 0.5-log difference in median fungal burden by the Wilcoxon rank-sum test). After 5 days of infection, the mice were euthanized and their lungs harvested and homogenized in lysis solution (ZR Fungal/Bacterial DNA MiniPrep, Epigenetics) using a gentleMACS dissociator (Miltenyi Biotec). The homogenates were processed following the manufacturer's directions to isolate fungal DNA. The relative fungal DNA content was quantified by real-time PCR with primers ASF1 and ADR1 (Supplementary Table 1 ) 48 using the 2 −ΔΔCT method with mouse GAPDH as the reference gene.
The extent of germination of A. fumigatus strains was analysed using three mice per strain. Mice were immunosuppressed as above, anaesthetized with xylazine and ketamine and inoculated with 10 7 conidia by intratracheal injection. After 12 h, mice were euthanized and the lungs harvested and processed for histochemical analysis with Gomori methenamine silver staining to visualize the organisms. The slides were viewed by light microscopy and the percentage of germinated conidia was determined by analysing at least 200 cells per strain.
To quantify the extent of lung tissue invasion, all foci of infection in each thin section were imaged under the same magnification. Using ImageJ, the area of fungi that had invaded into the alveoli and bronchi of the lung tissue was quantified for each lung section.
Anti-CalA antibody studies. The effects of the anti-CalA antibody or control rabbit IgG on host cell endocytosis of A. fumigatus was determined using an antibody concentration of 10 µg ml Cytokine production. To measure the production of cytokines induced by the various A. fumigatus strains, 5 × 10 5 germlings in 0.5 ml medium were added to confluent endothelial cells in a 24-well plate. After 16 h infection, the supernatant was collected, clarified by centrifugation and stored in aliquots at −80°C. The concentration of MCP-1/CCL2, IL-1α, IL-1β, TNFα and IL-8/CXCL8 in the medium was determined using the Luminex multipex assay (R&D Systems). Each strain was tested in three independent experiments, each performed in triplicate.
Data availability. The data that support the findings of this study are available from the corresponding author upon request.
